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Differential expression of adenylyl cyclases in the rat nephron. [2–6]. Both inner and outer medullary collecting ducts
Background. Adenylyl cyclases (ACs) are a family of enzymes express AC V and AC VI. In the outer medullary collect-
that catalyze the formation of the second-messenger cyclic adeno- ing ducts, AC V has been localized in intercalated cells,sine 3,5-monophosphate (cAMP). At least nine isoforms of AC
while AC VI was found in both intercalated and principalhave been cloned. These isoforms differ in their tissue distribution
cells [7, 8]. However, the distribution of mRNAs for ACand basal activity. AC isoforms also differ in their capacity to
be stimulated or inhibited by G protein i, s and / subunits, VII and IX along the nephron has not been determined
protein kinase C, and intracellular calcium. The distribution [9]. Because reliable antibodies for immunohistochemis-
of ACs in the kidney is only partially known, although it is try or Western blotting were not readily available untilknown that ACs play important roles in kidney signal transduc-
recently and the protein expression of AC in tissuestion. Several receptors are known to couple to AC, but their
other than the brain is known to be low, only mRNAslinkage to individual AC isoforms in the kidney is not known.
Methods. This study investigated the tissue distribution of of AC have been studied in the kidney. Moreover, most
AC isoforms along the nephron of Wistar-Kyoto rats using studies have used whole-tissue extracts to identify mRNAs
reverse transcription-polymerase chain reaction (RT-PCR),
of individual AC isoforms. The usefulness of such studiesimmunohistochemistry, and immunoblotting.
is sometimes limited, as experiments using crude tissueResults. While AC VI and IX mRNA were found in all
nephron segments, there was no expression of AC VIII mRNA. extracts commonly fail to detect small amounts of
ACs II through V and VII mRNA were variably found in specific mRNA [10].
nephron segments. mRNA for AC isoforms II, III, VI, VII, and In the kidney, ACs are involved in multiple regulatory
IX were expressed in renal proximal tubules. All of the AC
functions, including salt and water homeostasis [11–13],isoforms studied, except VIII, were found in glomeruli. Immu-
blood pressure regulation [14, 15], calcium homeostasisnoblotting and immunohistochemistry confirmed the mRNA
results. AC isoforms II, III, IV, and IX were expressed in [16, 17], acid-base balance [18–21], and regulation of glo-
luminal rather than in basolateral membranes. However, im- merular filtration rate [22–27]. Furthermore, the activity
munohistochemical studies were not feasible for the other iso- of AC IX can be inhibited by FK 506 and cyclosporineforms that could be expressed in basolateral membranes.
A, drugs commonly used in patients with renal diseasesConclusion. Knowledge of the distribution of ACs may help
[28]. Although a large amount of information is availableestablish the linkage between receptors and specific AC iso-
forms and define their functions. on the formation of cAMP in different parts of the kidney
in response to various hormones and paracrine substances,
little is known about the renal distribution of individual
Adenylyl cyclases (ACs) are a family of at least nine AC isoforms and their linkage to receptors. Only a few
isoforms that are widely distributed in different tissues studies have shown that individual receptors can selec-
and that catalyze the formation of the second-messenger tively influence the function of specific AC isoforms
cyclic adenosine 3,5-monophosphate (cAMP) [1, 2]. [29–35]. For example, the inhibitory effect of the D3
Whole-tissue extracts of rat and human kidneys contain receptor, a member of the D2-like family of dopamine
mRNAs for AC IV, V, VI, VII, and IX; however, receptors, on AC activity requires the presence of AC V
mRNAs for AC I, II, III, and VIII have not been found [31], while the two other members of the D2-like family
of dopamine receptors, the D2 and D4 receptors, are
linked to AC II [30]. Epidermal growth factor increasedKey words: signal transduction, cell regulation, renal AC isoforms,
second messenger cAMP, nephron. AC activity only in cells expressing AC V [32]. Long-
standing left ventricular hypertrophy and heart failure
Received for publication April 11, 2000
were associated with a decrease in AC VI but not AC Vand in revised form March 26, 2001
Accepted for publication April 16, 2001 mRNA levels [33]. In neonatal rat cardiac myocytes,
stimulation of cAMP accumulation by -adrenergic re- 2001 by the International Society of Nephrology
890
Bek et al: Renal adenylyl cyclase isoforms 891
ceptors was enhanced by AC VI [34]. In the presence 2.5 L DEPC H2O, and 0.5 g of oligo (dT)12-18 (GIBCO
BRL, Gaithersburg, MD, USA). In parallel experiments,of AC VII, the intoxicating concentrations of ethanol
potentiated the stimulatory effect of prostaglandin E1 the presence of DNA contamination was checked by
control RT-PCR reactions in which (1) RNA was ex-on cAMP accumulation in HEK 293 cells [35]. Because
certain physiologic and pathologic processes in the kid- cluded and (2) reverse transcriptase was omitted from
the RT mixture and/or primers were used to span anney and elsewhere seem to be associated with specific
AC isoforms, the distribution of mRNA and protein of intron [10]. The PCR reaction was carried out using the
following conditions: 5L of RT product were incubatedAC isoforms along the nephron was determined.
in a final volume of 50 L containing 34 L DEPC
H2O, 1 L dimethyl sulfoxide (Sigma), 1 L dNTPs (10METHODS
mmol/L), 1.5 L magnesium chloride (50 mmol/L), 5 L
Isolation of nephron segments and RNA extraction 10  PCR buffer, 2.5 units Taq DNA-Polymerase
(GIBCO BRL), and 10 pmol sense and antisense primersMale Wistar-Kyoto (WKY) rats (100 to 150 g) were
anesthetized with pentobarbital [50 mg/kg intraperitone- (Genosys Biotechnologies Inc., The Woodlands, TX,
USA; Table 1). A hot start at 95C (5 min) was followedally (IP)]. The kidneys were perfused with RPMI 1640
(without phenol red) containing 3 mg/mL collagenase IV by denaturation at 94C (1 min), annealing (1 min; Table 1
shows annealing temperatures), and extension at 72C(Sigma, St. Louis, MO, USA), 0.2 mg/mL elastase (Sigma),
1 mg/mL glucose, and 1 mg/mL bovine serum albumin (1 min) for a total of 35 cycles for ACs II, III, IV, V,
VI, VII, and IX. Because 35 cycles of PCR did not show(BSA; solution A). To drain the blood and avoid back-
flow, the renal veins and the inferior vena cava were cut any AC VIII products, 40 cycles were used in order to
ensure that AC VIII mRNA was indeed absent.after starting the perfusion of the kidneys. The kidneys
were removed, decapsulated, and hemisected longitudi-
Sequencingnally. The cortex, outer medulla, and inner medulla were
separated with dissecting scissors, sliced longitudinally The PCR products were subcloned in a pCR 2.1-
TOPO or pCR II-TOPO vector (Invitrogen Corpora-into 1 mm thin pieces, and placed in separate containers
with solution A (37C) for 5 to 120 minutes. The tissue tion, Carlsbad, CA, USA) and were sequenced with an
automated sequencer (Perkin-Elmer Applied Biosys-pieces were transferred into ice-cold RPMI 1640, placed
under a dissecting microscope, and manually sorted. The tems, Foster City, CA, USA).
dissected segments were collected in a clean area of the
Immunohistochemistrydissection dish and transferred to microcentrifuge tubes
(Dot Scientific Inc., Burton, MI, USA). Separate large- Kidneys of anesthetized rats were perfused with HIS-
TOCHOICE (Amresco, Solon, OH, USA), as describedbore Pasteur pipettes were used for each segment. Tissue
samples were washed once in fresh RPMI 1640, spun previously in this article, and were removed and placed
in a container with HISTOCHOICE for another five todown, and pelleted. Two hundred microliters of RNAzol
B (Tel-Test Inc., Friendswood, TX, USA) were added seven days. After embedding, longitudinal slices were
made including cortex, outer medulla, and inner medulla.to each sample, and RNA was extracted according to
the RNAzol B reagent protocol. Paraffin-embedded slices were processed as follows: in-
cubation in xylene for one hour, 100% ethanol for 30
RT-PCR reaction of AC isoforms minutes, 95% ethanol for 30 minutes, 70% ethanol for
30 minutes, dH2O for one to two hours, and phosphate-Reverse transcription-polymerase chain reaction (RT-
PCR) was performed using RNA extracted from micro- buffered saline (PBS) containing 0.05% Triton X for
one hour. Antigen rescue was performed with dH2Odissected rat nephron segments from at least four WKY
rats for each AC isoform. Except for AC VIII, all primers containing 0.05% saponin for 30 to 60 minutes at room
temperature. After blocking with 5% normal donkeyused have been shown previously to amplify selectively
the specific AC isoform from rat tissue [10, 36, 37]. Prim- serum in PBS at 4C overnight, the slices were incubated
with primary antibodies (ACs II-VIII; Santa Cruz Bio-ers for AC VIII were designed on the basis of the pub-
lished rat cDNA sequence [38]. The sense and antisense technology Inc. Santa Cruz, CA, USA; the antibody
against AC IX was a generous gift from Dr. Richardprimers for the different AC isoforms as well as the an-
nealing temperatures used for PCR are shown in Table 1. Premont) 2.6 to 4 g/mL at 4C for 24 to 48 hours,
followed by biotinylated secondary antibodies (JacksonThe RT reaction was carried out for one hour at 42C
using the following conditions: 10 L of RNA (2 g ImmunoResearch Laboratories, Inc., West Grove, PA,
USA) 1:100 for 40 minutes at room temperature. Finally,total RNA) were incubated in a final volume of 20 L
containing 20 units RNase inhibitor (Boehringer Mann- alkaline phosphatase-conjugated extravidin in TBS (1:200
for 30 minutes at room temperature; Sigma) was added.heim, Mannheim, Germany), 10 units AMV (Promega,
Madison, WI, USA), 4 L 5  RT-buffer (Promega), Slices were washed in TBS, and substrates for the alka-
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Table 1. Adenylyl cyclase (AC) isoforms and oligonucleotide primer sequences
Position Annealing
AC type Primer GenBank temperature
AC II Sense 5-CGTGTCACTCTCCATATTC-3 2487-2505 53C
Antisense 5-CCTTGTTCACATCTGACTC-3 2788-2770
AC III Sense 5-CATCGAGTGTCTACGCTTC-3 3201-3219 64C
Antisense 5-GGATGACCTGTGTCTCTTCT-3 3643-3624
AC IV Sense 5-GGAAGACGAGAAGGGCACCGAGAG-3 1468-1491 64C
Antisense 5-GAGCTGGGGGCCTGGTTGTCAC-3 1934-1913
AC V Sense 5-ACCATTGTGCCCCACTCCCTGTT-3 2777-2799 64C
Antisense 5-TCGTCGCCCAGGCTGTAGTTGAA-3 3114-3092
AC VI (1) Sense 5-CAAAGGAAGGGACGCCGAGAGG-3 3731-3752 64C
Antisense 5-TGGGGACAGATCACGGGACTAGGA-3 4147-4123
AC VI (2) Sense 5-CTGCTTGTGTTCATCTCTG-3 2300-2318 51C
Antisense 5-GACGCTAAGCAGTAGATCA-3 2662-2644
AC VII Sense 5-CCAGTTATTTAGAGAGAGACCTG-3 3098-3120 58C
Antisense 5-CTTGCTCATCAGGGCCATGCTAA-3 3657-3635
AC VIII Sense 5-TTCACTTGAGCCTAGCCTCG-3 1365-1384 55C
Antisense 5-GGATGTAGATGCGGTGGAAC-3 1992-1973
AC IX Sense 5-AGCTTATCCTCACCTTCTTCTTCCTC-3 2984-3009 64C
Antisense 5-AGGACACGGTAGCACTCCTTGCC-3 3296-3274
line phosphatase reaction were added for one to five exchange-1 (NHE1; Chemicon International, Inc., Tem-
ecula, CA, USA) and NHE3 (Research Genetics, Hunts-minutes (2 mg naphthol-AS-MX phosphate dissolved in
0.2 mL N,N-dimethylformamide, added to 9.8 mL 0.1 ville, AL, USA) were used for control experiments to
mol/L Tris, pH 8.2, containing 10 mg 1, 5-naphthalenedi- determine the purity of BBMs.
sulfonate salt; Sigma). Preadsorption of the antibodies Controls similar to those described in the immunohis-
or antisera with their respective immunizing peptides (5 tochemistry procedures were also performed for the im-
to 10wt/wt, 4C, 12 to 48 hours) was performed to verify munoblotting experiments. Thus, pre-adsorption of the
the specificity of the immunohistochemistry studies. antibodies or antisera with their respective immunizing
peptides (5 to 10 wt/wt, 4C, 12 to 48 h) was performed
Western blotting to verify antibody specificity.
Brush-border membranes (BBMs) were obtained and
Western blotting was performed as described previously
RESULTS
[39, 40]. At least three experiments using tissues from
RT-PCR studiesdifferent rats were performed for each AC isoform. In
brief, after removal of the kidneys, the capsules were The results of the RT-PCR reactions for ACs II
through IX are shown in Figures 1 to 4. To determinestripped away, and the kidneys were hemisected longitu-
dinally. The cortex, outer medulla, and inner medulla were the integrity of mRNA from isolated nephron segments,
a PCR reaction with primers for AC VI was performedseparated. The tissues were homogenized in ice-cold TBS
containing 2 mmol/L ethylenediaminetetraacetic acid as an internal control after each RT reaction. mRNA
for AC VI has been shown to be expressed along the(EDTA), 1 mmol/L phenylmethylsulfonyl fluoride (PMSF;
Boehringer Mannheim), and 10 g/mL each of aprotinin entire nephron [36]. The controls (AC VI) were done
with two different sets of primers (Table 1). Only theand leupeptin (Sigma), and were centrifuged (20,000 rpm
at 4C). The membranes were sonicated in buffer con- results from the first set of primers are shown. mRNAs
for ACs II, III, IV, and V were differentially distributedtaining 1% NP 40 (Boehringer Mannheim) [39]. In addi-
tional studies, BBMs were obtained [40]. The samples along specific nephron segments (Table 2). AC II was
consistently (N  4 to 8) found in the glomerulus, thewere mixed in Laemmli sample buffer, boiled (5 min),
and subjected to sodium dodecyl sulfate-polyacrylamide proximal tubule, the distal tubule, and the cortical col-
lecting duct (Fig. 1). AC III was consistently (N  5 togel electrophoresis (SDS-PAGE). The transblots were
probed with the aforementioned primary antibodies, fol- 7) found in the glomerulus, the proximal tubule, and the
thin limb of Henle, but inconsistently in the distal tubulelowed by peroxidase-labeled secondary antibodies (don-
key anti-goat; Jackson ImmunoResearch Laboratories, (2 out of 6 experiments; Fig. 1). mRNA for AC IV was
consistently (N  6 to 11) found in the glomerulus, theInc.; and donkey anti-rabbit; Amersham Pharmacia Bio-
tech Inc., Piscataway, NJ, USA), and detected by chemi- thin limb of Henle, the distal tubule, the cortical collect-
ing duct, and the outer medullary collecting duct (Fig.luminescence detection reagents (ECL; Amersham Phar-
macia Biotech Inc.). Primary antibodies against Na	/H	 2). mRNA for isoform V was consistently (N  4 to 10)
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Table 2. Expression of mRNA for ACs II-IX in the rat nephron
AC II AC III AC IV AC V AC VI AC VII AC VIII AC IX
GL 	 	 	 	 	 	 
 	
PT 	 	 
 
 	 	 
 	
TLH 
 	 	 
 	 
 
 	
TAL 
 
 
 
 	 
 
 	
DT 	  	 
 	 
 
 	
CCD 	 
 	 	 	 
 
 	
OMCD 
 
 	 	 	 
 
 	
IMCD 
 
 
 
 	 
 
 	
WKY5 
 	 
 
 	 	 
 	
WKY8 
 	 
 
 	 	 
 	
WKY5 and WKY8 are immortalized cell lines of WKY rat proximal tubule cells. Abbreviations are: GL, glomerulus; PT, proximal tubule; TLH, thin limb of
Henle; TAL, thick ascending limb of Henle; DT, distal tubule; CCD, cortical collecting duct; OMCD, outer medullary collecting duct; IMCD, inner medullary
collecting duct; 	, positive for RT/PCR products; 
, negative for RT/PCR products; , RT/PCR products found in 2 of 6 studies.
Fig. 2. Results of RT-PCR experiments for different nephron segments
with primers specific for ACs IV (A) and V (B). The expected sizes ofFig. 1. Results of reverse transcription-polymerase chain reaction (RT-
PCR) experiments for different nephron segments with primers specific the PCR products were 467 and 338 bp. Sequencing of the PCR products
revealed cDNA fragments consistent with ACs IV and V. AC IV wasfor adenylyl cyclases (ACs) II (A) and III (B). The expected sizes of
the PCR products were 302 and 443 bp. Sequencing of the PCR products found in GL, TLH, DT, CCD, and OMCD. AC V was found in GL,
CCD, and OMCD. Brain (BR) served as positive control. PCR
, PCRrevealed cDNA fragments consistent with ACs II and III. AC II was
found in GL, PT, DT, and CCD. AC III was found in GL, PT, and in the absence of RT products. Abbreviations are in the legend to
Figure 1.TLH, but was questionable in DT (2 out of 6 experiments, data not
shown). Abbreviations are: BR, brain (positive control); GL, glomeru-
lus; PT, proximal tubule; TLH, thin limb of Henle; TAL, thick ascending
limb of Henle; DT, distal tubule; CCD, cortical collecting duct; OMCD,
outer medullary collecting duct; IMCD, inner medullary collecting duct,
and PCR
, PCR in the absence of RT products.
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Fig. 3. Results of RT-PCR experiments for different nephron segments
with primers specific for ACs VI (A) and VII (B). The expected sizes
of the PCR products were 417 and 560 bp. Sequencing of the PCR Fig. 4. Results of RT-PCR experiments for different nephron segments
products revealed cDNA fragments consistent with ACs VI and VII. with primers specific for ACs VIII (A) and IX (B). Expected sizes of
AC VI was found along the whole nephron. AC VII was found only the PCR products were 628 and 313 bp, respectively. Sequencing of
in GL and PT. Brain (BR) served as positive control. PCR
, PCR in the PCR products revealed cDNA fragments consistent with AC IX.
the absence of RT products. Abbreviations are in the legend to Figure 1. AC IX was expressed along the whole nephron, whereas AC VIII was
not found at all. Brain (BR) served as positive control. The multiple
bands in the brain are consistent with the presence of several AC VIII
isoforms [38]. PCR
, PCR in the absence of RT products. Abbrevia-
found in the glomerulus, the cortical collecting duct, and tions are in the legend to Figure 1.
the outer medullary collecting duct (Fig. 2). In contrast
to the other ACs, mRNAs of AC VI and IX were consis-
tently (N 9 to 11, 6 to 8) found along the entire nephron
template, proof of the existence of AC isoform protein(Figs. 3 and 4), while mRNA for AC VII was consistently
was the second goal. Although the expression levels of(N  6 to 9) found only in the glomerulus and the proxi-
AC protein have been shown previously to be low [2],mal tubule (Fig. 3). No mRNA for AC VIII was found
the ACs II, III, IV, and IX were detected immunohisto-(N  3 to 4), in spite of the increase in the number of
chemically (Figs. 5 to 10). The immunohistochemicalPCR cycles from 35 to 40 (Fig. 4).
localization of ACs II, III, IV, and IX along the nephronTo confirm the reliability of the RT-PCR results from
corroborated the mRNA results. ACs II, III, IV, andmicrodissected proximal tubules, we performed RT-
IX were located exclusively in the luminal membrane.PCR experiments with mRNA isolated from two differ-
Immunoreactivity for ACs III and IV was found in mac-ent clones of immortalized renal proximal tubule cells
ula densa cells (Figs. 6 and 8); AC IX was also presentof WKY rats [41]. Except for AC II, which was not
in macula densa cells (data not shown). Immunostainingexpressed in the two cell lines tested, the results were
with the other antibodies (AC V, VI, VII, and VIII) wasidentical to the results obtained with microdissected
unreliable.proximal tubules (Table 2; original data not shown).
Western blot studiesImmunohistochemistry studies
To test further for the presence of AC isoforms in theBecause expression of RNA in tissue does not neces-
sarily mean that the protein is translated from the RNA kidney and to determine whether proteins of appropriate
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Fig. 5. Results of immunohistochemical staining of the WKY rat kid-
ney with antibodies against AC II. Staining (red margins or spots) was
found mainly in the proximal tubule (B), the distal tubule (C), and the
cortical collecting duct (D). Staining was found at the luminal side only.
Minimal staining in the glomerulus was found mainly in endothelial
cells (A).
Fig. 6. Results of immunohistochemical staining of the WKY rat kid-
ney with antibodies against AC III. Minimal staining was found in BBM
of the proximal tubule (B). However, strong staining was noted in the
thin limb of Henle (C) and the distal tubule (D). Staining was found
at the luminal side only. Only minimal staining was found in the glomer-
ulus (A). All other segments were negative (cortical collecting duct in
C). However, macula densa cells were stained (A).
Fig. 7. Results of immunohistochemical staining of the WKY rat kid-
ney with antibodies against AC IV. (A–D) Cortex and medulla at a
low-power magnification (10). Staining was found in cortical collecting
duct (**), distal tubule (*) (A), thin limb of Henle (**), and OMCD
(*) (C). After pre-adsorption (B and D), only minimal nonspecific
staining was found, mainly in the interstitial tissue.
Fig. 8. Higher magnification (40) of Figure 7. Minimal staining was
found in the glomerulus (A). As with AC III, macula densa cells were
positive for AC IV (B). The thin limb of Henle (C), outer medullary
collecting duct (C), the distal tubule (A), and the cortical collecting
duct (D) were all stained. Staining was found on the luminal sides only.
Fig. 9. Low-power magnification (10) of immunohistochemical stains
with antibodies against AC IX. (A–D) Cortex and medulla. Staining
was found in the proximal tubule (*), the cortical collecting duct (**)
and the distal tubule (***) (A). In the medulla, the thin limb of Henle
(**) and outer medullary collecting duct (*) were stained (C). Because
the immunizing peptide was not available (Methods section), normal
rabbit IgG was used for negative control. No staining was found under
this condition (B and D).
Fig. 10. Some nephron segments in Figure 9 viewed at a higher magni-
fication (40). Staining of podocytes within the glomerulus (A and B)
that was not evident at lower magnification (10) in Figure 9A became
evident with higher magnification (40). The staining of the brush
border of proximal tubules (A and C) and the luminal side of the
cortical collecting duct (C) is also shown.
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Fig. 11. Results of Western blots for ACs II,
III, IV, VI, and IX. The expected sizes for
these AC isoforms are between 120 and 150 kD.
AC II was found mainly in the cortex (CO) and
the outer medulla (OM) with an approximate
size of 120 kD (A ). Expression was negligible
in the inner medulla (IM). Pre-adsorption of
the primary antibody with the immunizing
peptide eliminated the band of this size (B ).
ACs III (C), IV (E ), VI (G ), and IX (I ) were
found in CO, OM, and IM at sizes of approxi-
mately 120, 120, 130, and 150 kD, respectively.
Pre-adsorption with the immunizing peptide
eliminated the bands of the appropriate sizes
(D, F, and H ). Because no immunizing pep-
tide was available for AC IX (Methods sec-
tion) a pre-adsorption study was not per-
formed. The brain served as positive control
for ACs II and III (A and C). The heart served
as a positive control for isoforms IV and VI
(E and G). BBM served as a positive control
for AC IX (I). To confirm the luminal localiza-
tion of the AC isoforms determined by immu-
nohistochemistry, Western blots of BBMs were
performed. Crude cortex tissue (CC), as ex-
pected, revealed the appropriate band of100
kD for sodium/hydrogen exchanger 1 (NHE1;
J). NHE1 was not found in BBM; this NHE
isoform is expressed in basolateral but not in
BBM [43]. Therefore, the BBM used in our
study was not contaminated with basolateral
membranes. In contrast, NHE3, as expected,
was found in BBM (J); NHE3 is expressed in
BBM but not in basolateral membranes [42].
Appropriate sizes for ACs II and IX but not
for AC III and IV were found in BBM (K )
confirming the results obtained by immuno-
histochemistry.
sizes were recognized by the antibodies, Western blots noted in BBMs [42]. In contrast, NHE1, the NHE iso-
were performed. Our results show that proteins with a form that is expressed only in basolateral membranes
molecular mass of approximately 120 to 150 kD were [43], was not detected in BBMs, indicating the absence of
recognized by the antibodies against ACs II, III, IV, and contamination of our BBM preparation with basolateral
IX (Fig. 11). A band of the appropriate size also was membranes. NHE1 was detected in kidney cortex.
noted with the antibody against AC VI, although this
AC isoform could not be reliably detected by immuno-
DISCUSSIONhistochemistry. The positive control was brain for ACs
Adenylyl cyclases are membrane-bound enzymes thatII and III, heart for ACs IV and VI, and BBM for AC
play a pivotal role in signal transduction in mammalianIX. Pre-adsorption of the antibody or antisera with im-
cells. In the kidney, ACs are involved in multiple regula-munizing peptide eliminated the appropriate bands (Fig.
tory functions. However, the interaction of individual11 B, D, F, and H). Reliable results were not obtained
AC isoforms with receptors in the kidney has not beenwith antibodies against ACs V, VII, and VIII in immu-
studied. Studies in the COS and HEK cell lines shownoblot analyses.
that individual receptors can stimulate or inhibit one orBecause the immunohistochemical studies revealed
more AC isoforms [29–31]. To study the specific interac-the presence of ACs II, III, IV, IX mainly in the luminal
tion of AC isoforms with receptors in the kidney, themembrane, Western blots were performed using BBMs
expression and distribution of ACs must be determined(from proximal tubules). As can be seen in Figure 11,
first. Our results demonstrate the existence and differen-immunoreactivity was noted for II and IX in BBMs but
not for AC III and IV. NHE3 protein, as expected, was tial distribution of ACs II, III, IV, V, VI, VII, and IX
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Fig. 11. (Continued)
mRNA and/or protein in the kidney. The only discrep- munohistochemical and immunoblotting studies corrob-
orated the RT-PCR results. Our studies clearly showancy between RT-PCR and immunohistochemistry re-
sults was found for AC III in the distal tubule. Whereas that AC IV is more widely distributed than previously
thought. Our results for ACs V and VI are in agreementimmunohistochemistry clearly showed the existence of
this isoform in the distal tubule, mRNA for AC III was with the literature [6, 8, 36].
Interestingly, our immunohistochemical results showfound in only two out of six experiments. It is possible
that the low level of AC III mRNA in this nephron that ACs II, III, IV, and IX are mainly expressed in the
luminal side of tubule segments, in contradiction to thesegment made reliable detection difficult.
Adenylyl cyclases II and III have not been shown to current notion that ACs are mainly expressed in the baso-
lateral side of tubules. However, functional studies sug-be present in the kidney [2–5]. AC IV has been shown,
so far, to be present only in the glomerulus [36]. The gest that ACs are expressed in both the basolateral and
luminal membranes of the nephron [44–50]. The luminaldifference between our results and those of others could
be related to the different conditions used in the current localization of AC isoforms was detected by both immu-
nohistochemistry and Western blots of BBMs. The lumi-study. Compared with the previous investigators, we
used a longer time for RT reactions and did more cycles nal localization of ACs II, III, IV, and IX suggests that
hormones and paracrine substances that bind to recep-for PCR reactions. It is unlikely that the greater number
of PCR cycles (N  35) used in our studies produced tors and couple to ACs II, III, IV, and IX most likely
can act from the luminal side of the nephron. We havefalse positive results, because the AC isoform mRNA
expressions were nephron-segment specific and the im- reported that D1-like receptors stimulate AC activity, in
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the presence of an ATP regenerating system, in renal studies are necessary to confirm the presence and distri-
BBMs [40]. Forskolin, sodium fluoride, parathyroid hor- bution of ACs V, VI, and VII by immunohistochemistry
mone, calcitonin, prostaglandins and epinephrine have and to clarify the coupling of AC isoforms to different
been reported to increase AC activity in BBM prepara- receptors. In addition, studies of drugs that selectively
tions or apical surfaces of renal proximal tubule cells activate or inhibit specific AC isoforms may provide in-
from several mammalian species [44–50]. AC isoforms sight about the functional roles of AC isoforms in normal
other than II, III, IV, and IX are likely to be the AC physiology and disease.
isoforms expressed in the basolateral membrane of the
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